Focusing of electromagnetic plane wave from a large size paraboloidal reflector, composed of layers of chiral and/or chiral nihility metamaterials, has been studied using Maslov's method. First, the transmission and reflection of electromagnetic plane wave from two parallel layers of chiral and/or chiral nihility metamaterials are calculated using transfer matrix method. The effects of change of angle of incidence, chirality parameters and impedances of layers are noted and discussed. Special cases by taking very large and small values of permittivity of second layer, while assuming value of corresponding chirality equal to zero, are also treated. These special cases are equivalent to reflection from a perfect electric conductor backed chiral layer and nihility backed chiral layer, respectively. Results of reflection from parallel layers have been utilized to study focusing from a large size paraboloidal reflector. The present study, on focusing from a paraboloidal reflector, not only unifies several published works conducted by different researchers but also provides better understanding of new cases.
Introduction
Chiral media, have been well known for a long time due to some interesting properties, exhibiting in the optical range of frequencies. Out of these properties, optical activity and circular dichroism are of practical interest [1] [2] [3] [4] [5] [6] . Chiral medium can be thought as composed of numerous randomly oriented chiral objects which can never be brought into congruence with their mirror images by any translation or rotation [7] [8] [9] [10] . Many chiral objects are found in nature such as irregular tetrahedrons, sugar molecules and wire helices. In fact the word "chirality" is derived from the greek word "cheir" having meaning of hand; an object possessing above mentioned property.
In science particular word "chirality" instead of dissymmetry was first introduced by Lord Kelvin, Professor of natural philosophy in the University of Glasgow. Now this word is used to describe the media microscopically composed of the chiral objects.
When linearly polarized wave falls on a slab of chiral medium, it splits into two circularly polarized waves: one left circularly polarized and the other right circularly polarized [8] [9] [10] . After passing through the slab the two waves combine to yield a linearly polarized wave whose plane of polarization is rotated with respect to the plane of polarization of the incident wave. Effect of chirality of the medium which rotates the plane of linearly polarized wave passing through it is studied by Biot, Arago and Friesnel. This phenomenon is named as optical activity. The amount of rotation depends upon the distance traveled by the wave in the slab. This phenomenon is named as circular birefringence. Circular dichroism represents the phenomenon of different amount of field absorbtion for the left and right circularly polarized waves as they pass through the chiral media. The constitutive relations for chiral metamaterial [8] are given below,
(1)
The behavior of propagation and radiation of the field in a chiral medium has been investigated by several authors [8] [9] [10] .
Left-handed materials are those materials in which electric, magnetic and the wave vector follow the left hand rule. Vaselago introduced the concept of negative refraction for the materials obeying left hand rule [11] . In chiral medium, negative real parts of the permittivity and permeability lead an isotropic chiral medium to exhibit circular dichroism that is reverse with respect to that exhibited by an identical medium but with positive real parts of permittivity and permeability. These left handed materials exhibit some interesting properties such as backward wave and double negative parameters [12] . Negative refraction can also be achieved by using the chiral metamaterials [13] [14] [15] [16] . In chiral matematerials strong enough chirality produces negative refractive index for one of the eigenwaves [17] [18] .
In electromagnetics, Lakhtakia introduced the concept of nihility metamaterial for such a material whose permittivity and permeability approaches to zero [19] . Constitutive relations for nihility metamaterial are,
Lakhtakia showed that propagation is not possible in nihility metamaterial. Later, Tretyakov et al. [20] extended this concept of nihility for the isotropic chiral medium.
A special case of chiral metamaterial is called chiral nihility metamaterial for which at certain value of frequency, real parts of permittivity and permeability both are simultaneously zero. That is, ǫ → 0, µ → 0 and κ = 0 at nihility frequency. Constitutive relations for chiral nihility metamaterials become as,
Chiral nihility metamaterial has two wavenumbers of equal magnitude and opposite signs. When a dielectric-chiral nihility half space is excited by an oblique incident linearly polarized plane wave, two circularly polarized plane waves having opposite handedness are produced. One of them is forward wave while the other is backward wave which yields phenomenon of negative refraction in chiral nihility metamaterial.
If a perfect electric conductor (PEC) interface placed in chiral nihility metamaterial is excited by a forward plane wave. Only one reflected wave parallel to the incident wave is produced, i.e., negative reflection happens. The reflected wave is backward wave which cancels the incident forward wave to produce zero power propagation.
Interestingly, if a chiral nihility slab backed by PEC interface is excited by linearly polarized plane wave, effect of each eigenwave in chiral nihility after reflection from PEC interface is canceled leading to a situation as if front face of the geometry is PEC and there is no chiral slab [21] . A PEC waveguide coated with chiral nihility metamaterial confines propagation of power within un-coated region of the guide [22] .
In electromagnetics, Brewster angle is defined as angle of incidence for which reflection power is zero. In all introductory text books on electromagnetic theory [23, 24] , reflection of vertically polarized (parallel polarized or transverse magnetic (TM)) plane wave and horizontally polarized (perpendicular polarized or transverse electric (TE)) plane wave from a dielectric-dielectric half space boundary is usually presented to explain the concept of Brewster angle. It is mentioned that vertically polarized wave experiences zero reflection at one incident angle whereas for all angles, reflection is non-zero for horizontal polarization. This means that if dielectric-dielectric half space is excited by a wave, having both the vertical and horizontal polarizations, at the Brewster angle the reflected wave will be linearly polarized with horizontal polarization only. The angle of incidence that allows total reflection of power from a planar dielectric-dielectric interface is known as critical angle. Critical angle exists only for perpendicular polarization if the wave propagates from a denser dielectric medium to a rare dielectric.
In the same context, reflection of plane wave from an interface of an achiral dielectric and a chiral/chiral nihility metamaterial was discussed by Qiu et al. [25] . Their study reveals that for certain values of constitutive parameters, the results similar and opposite to that of conventional dielectric-dielectric interface can also be achieved, that is, existence of zero reflection for only parallel polarization in the dielectric-chiral case. They also showed that, for certain values it is possible to have no-Brewster angle for both polarizations and total reflection can be achieved for a wide range of incident angles. Power corresponding to the electromagnetic waves associated with a planar interface of two chiral and/or chiral nihility metamaterials was studied by Faiz et al. [26] when it is excited by a plane wave. Using numerical results, interesting characteristics such as complete power transmission/rejeection and band pass/band reject filter were observed.
GO Field and Maslov's Method
Geometrical optics (GO) is powerful tool for the study of wave motion at high frequencies [27] [28] [29] , however it fails at the the caustics. A caustic is a region where area of a ray tube is zero and hence introduces a mathematical singularity when ever intensity per unit area is needed to be counted though physically this is not the case.
Physically the field is always finite at caustics and caustics are of practical interest in many applications including defense and medical sciences. Maslov proposed an alternative method to find the fields in the caustic region [30] . Maslov's method combines the simplicity of asymptotic ray theory and the generality of the Fourier transform method. This is achieved by representing the GO fields in terms of mixed coordinates consisting of wave vector coordinates and space coordinates. Maslov's method are applied to study the field near the caustics of the focusing systems by many authors [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . Focusing from a PEC cylindrical and spherical reflectors using Maslov's method was first treated by Hongo and Ji [33] . Faryad and Naqvi extended this work for reflector coated with chiral metamaterial [39] . Illahi and Naqvi studied the focusing from chiral nihility coated PEC and perfect electromagnetic conductor (PEMC) cylindrical reflector [41] . In present work, one interest is also to unify all these cases so that these become special cases of the geometry, under investigation.
Consider three dimensional vector wave equation, in cartesian coordinates r = (x, y, z), describing the field in medium having wavenumber k 0 
where (ξ, η, ζ) and (p x 0 , p y 0 , p z 0 ) are the initial values of cartesian coordinates (x, y, z)
and wave vector coordinates (p x , p y , p z ) respectively and t is parameter along the ray.
Finite field around caustic may be obtained using following expression obtained from
Maslov's method [34, 40] 
)dp x dp y s 0 is the initial phase. Above equation provides uniform solution around the caustic region.
In this paper, transmitted and reflected powers from two parallel layers of chiral and/or chiral nihility metamaterials with respect to angle of incidence and chiralities of the layers are analyzed. Limiting cases of permittivity, with value of chirality equal to zero, are also taken into account and their interpretation are given. Focusing from a large size paraboloidal reflector, composed of two layers of chiral and/or chiral nihility metamaterials, is studied by utilizing the Maslov's method to give the remedy of GO which fails at caustic.
Formulation
Consider a geometry consisting of two infinite parallel layers of chiral metamaterials placed in air as shown in Fig 
where n 1R and k 1R are refractive index and wavenumber for RCP wave, respectively.
Quantity ǫ r1 = ǫ 1 /ǫ 0 is the relative permittivity of the medium occupying first layer. For second chiral layer, these quantities are,
Wavenumber and intrinsic impedance of the host medium are given below,
Expressions for the incident and reflected fields and the field transmitted after passing through both the layers are,
In above equations, E r , E r⊥ , E t , and E t⊥ are unknown coefficients corresponding to parallel and perpendicular components of the respective fields.
Expressions of fields inside each chiral layer can be written as,
where k pL and k pR represent the wavenumbers for LCP and RCP waves, respectively.
Value of p, as 1 and 2, describes fields for first layer and the second layer, respectively.
Subscripts b and f are used to represent forward and backward waves, respectively.
In above equations, E f L , E f R , E bL , and E bR are unknown coefficients. Tangential components of fields are continuous at interfaces located at z = 0, d 1 , d 1 + d 2 and these boundary conditions are used to find the unknown coefficients. Snell's law is used to determine the relation among the angles of incidence, reflection and transmission by using following relations,
where k 0 and k t denote the wavenumbers for medium before and after the layers and are equal when these two layers are placed in air. Using transfer matrix method (TMM) discussed in [42] , three matching matrices each relating the fields at an interface are obtained. Two 4×4 propagation matrices, linking fields between two consecutive interfaces are obtained. Numerical results for powers corresponding to parallel and perpendicular components of transmitted and reflected fields are plotted. In section 2, it is assumed that optical width of each layer is λ 0 /4, where λ 0 is wave length in air corresponding to the operating frequency.
Results and Discussion
In this section, numerical results for powers corresponding to parallel and perpendicular components of the reflected and transmitted fields are presented and analyzed.
Four different cases, summarized below, are considered for this purpose.
i. Both layers are of chiral metamaterials (c-c)
ii. First layer is of chiral nihility and second is of chiral metamaterials (cn-c)
iii. First layer is of chiral whereas second is of chiral nihility metamaterials (c-cn)
iv. Both layers are of chiral nihility metamaterials (cn-cn).
Results corresponding to above cases are shown by Figure 2 .2 to Figure 2 .9.
In addition to the above, the limiting cases of permittivity of second layer keeping Focusing of electromagnetic waves from a paraboloidal reflector composed of chiral and/or chiral nihility metamaterial using the Maslov's method is studied in next section. PEC and nihility backed chiral/chiral nihility paraboloidal reflector are also discussed.
Evaluation of Finite Field Around Focus
Considered a bilayer paraboloidal reflector placed in air as shown in Figure 3 .0.
The equation for the surface of a paraboloidal reflector is given by,
where (ξ, η, ζ) are the Cartesian coordinate of the point on the surface of paraboloidal reflector. f is the focal length of the paraboloidal reflector and
The incident field traveling along z axis is expressed as,
The incident plane wave make an angle α with surface normal, where surface normal is given as, a n = sin α cos γa x + sin α sin γa y + cos αa z
where α and γ are given as,
cos α = 2f The wave reflected from paraboloidal reflector is given below,
Rectangular components of field E(r 0 ), at the surface of reflector, are given below,
where B and B ⊥ are parallel and perpendicular components of GO reflected field from planar layers of chiral and/or chiral nihility layers. The field expression in polar coordinates and valid around the focal point is given below [40] ,
The upper limit of integration with respect to α is taken as,
where D is the height of the paraboloidal reflector from horizontal axis.
Numerical Results and Discussion
The field behavior around the focal region of a paraboloidal reflector are obtained Change in chirality of first layer produces greater change in reflected field strength around the focal point as compared to chirality variation for second layer.
For the case of c-c paraboloidal reflector, some interesting features have been studied that are permittivity, chirality and thickness of each chiral layer is directly proportional to the reflector's field strength at focal point. Moreover it has been observed that, first and second layers show different effects against the variation of a particular parameter while keeping all the other parameters fix.
Chiral-PEC and Chiral-Nihility Paraboloidal Reflector
In this section two special cases for paraboloidal reflector are discussed one by one:
paraboloidal reflector composed of c-PEC and c-n cases. , c-c case. , c-c case. 
